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ABSTRACT 

We study the production of slow protons from neutron targets in 

tba reaction p + n + p + X at 100 and 400 GeV/c. and in the reaction 

s++ n -, p + X at 100 GeV/c, in the kinematic region ItI < 1.0 GeV*. 

The data are observed to scale as a function of 2 lsandt. We 

extract an effective Regge trajectory from the pn data of aeff(t) 

m.cO.26 ? 0.04) + (1.07 +- 0.11) t, and obtain a similar result with 

the r+n data. We conclude that Reggeized one-pion-exchange alone is 

not sufficient to describe these reactions. 
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we present an analysis of slow proton production from neutron target8 

.t Fermilab energies. This work doubles the statistics of our previous 

study’ of the reactions 

p+n+p+x (1) 

,++n+p+x (2) 

.L 100 GeVlc. and presents r.ew results for Reaction (1) at 400 GeVlc. Previous 

l tudies of these reactions 
l-4 have reported that various aspects of the data 

ue consistent with expectations of a RegReized one-piowexchan8e mdel 5.6 . 

@,I mew data allow us to examine Reactions il) and (2) in sufficient detail to 

Mr.cf an effective Re88e-exchanRe trajectory. Ye present below evidence 

that pion-cxchange alone does not describe Reactions (1) and (2) in the 

Unematic region accessible in our experiment. 

The data yen? obtained from exposures of the Fermilab 30-Inch deuteriu=- 

filled bubble chamber to bea- of positive particles at 100 and 400 G&l/c. 

A ta&z,g system7alloved the identification of individual beam particles from 

their pasltion in the bubble chamber. The exposure at 100 Gev/c consisted of 

l total of 80.000 pictures. with an average beamcomposition of 48X proton. 

482 .+, 22 K+, ad 22 “+. 'Ibe 400 Cd/c exposure consisted of lW.000 pictures 

rich l pure protoca beam. 

llie film MS scanned twice. vith an efficiency of (99 + l)Z, for inter- 

wxlms resulting in three or more charged particles. t-he cracks of outgoing 

particles with projected laboratory mamentum less than 1.5 CeV/c were measured 

d reconstructed in space. v.3 h?ate ,E”t,-0” cXg.Zt i,lt‘X~CtiODS On m 

event-by-event basis by the presence of a spectator proton vith momentum less 

thn 300 KeV/c. and identify protons with momentum less than 1.4 Cd/c by 
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their ionization in the bubble chamber. We assume the impulse approximation 

to be valid. and asafgn to each event a target momentum equal In magnitude 

but opposite in direction tc. that of the spectator proton. ?hc majority of 

tbc events have an invisible spectator prbton, ad for these ve .ssume the 

r.rget to be at rest. Tbe requirement that the event sample for Bucrfmls 

(1) and (2) have. in addition tc. the spectator proton, an identified slow 

protar, means that the contaadnatlm fran other than neutron target inter- 

actions Is negligible. 

In Table I we present P sumnary of our data for Reactions (1) and (2). 

We 1Lit our analysis to eveats with ItI s 1.0 CeV2, where t is the square 

of the four-momentum transfer from the neutron target to the slov proton. 

ti order to ensure unbiased identification of the slow proton for all values 

of t*rsct QomelItum. Ibe cootributlon of one-prong events to ReactIona (1) 

and (2) has been found to be negligible 1.4 and is Qmred inn’the present work. 

The ccoss sections for these reactions vere calculated from a sample of the 

data with spectator prc.ton momentum less than 120 MN/c. Ihis~choice minimizes 

the effect of my multiplicity-dependent spectator visibility bias. We .ss- 

that this event sample constitutes an unbiased selection of neutron 

target events, ad calculate the cross section for Reactions (1) and (2) by 

normalking the coral number of events with a spectator proton with momentum 

less than 120 HeVlc to the inelastic hadronaeutron cross sections 8.9 . The 

fraction of thesearents which have. in addition to the spectator proton, l 

proton with Iti < 1.0 CeV2 determines the cross sections listed in Table I. 

This method automatically compensates for the effects of Glauber screening 

amd double scattering within the deuteron target. and no further corrections 

.re applied. 

2he cross sections for Reactions (1) and (2) listed in Table I .re 
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eonsiscmt with the values (5.15 f 0.25) mb and (3.4 ? 0.3) mb. respectively, 

rymrted' at 195 GeVlc for Ic] < 1.0 GeV2. A value of (5.1zmi) q b is 

reported2 for Reaction (1) for ItI s 0.82 GeV2 at a beammcmentumof 

11.6 GeV/c. If we make the same t-cut, our cross secrlm~s are (5.34 t 0.23) mb 

and (5.15 ? 0.23) mb at 100 and 400 GeV/c. respectively. Thus. we oee that the 

~.zlusive cross Sections for these reactions are consistent with being constant 

over a vlde range of Incident momenta. 

Ye display in Fig. 1 values of sdo/dM2 .ss a function of I?/s for Reaction (1) 

at 100 and 400 GeV/c. and for Reaction (2) at 100 GeV/c. vhere ?? is the square 

of the missing mass recoiling against the slw proton. and s is the square of 

the center-of-rass energy. In Pig. 2 ve plot do/dt as a function of t for the 

me data. The negative l?f s values sham in Fig. 1 result primarily from the 

assignment of zero target mbwntum to the invisible spectator events. 

From Figs. 1 and 2 ve observe that the 100 and 400 CeVfc cross sections 

for Reaction (1) are independent of incident energy as functions of both t?fs 

and t. The differential cross.sections for Reaction (2) are seen to have the 

ume shape as those for Reaction (1). and to scale in the ratio of the 

iaelusive cross sections. for both the d/s and t distributions. A more 

detailed comparison lo reveals that the invariant cross section sd2afdt d$ 

for these reactions scales simultaneously as functions of Ht/ s and t. This 

scaling suggests that the mechanism for production of ~10~ protons from ,X 

meutrcm target is independent of both incident energy and bean type. 

We parameterire the F? /s dependence of the invariant cross. section at 

a fIxed value of t by the equation 
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wh=r= Oeff. as a function of t. defines the effective Regge-exchange trajectory 

which mediates the reaction under study. Values of ueff are extracted from our 

dsta by the folloving technique. Six noo-overlapping t-bins are defined in 

the range 0.02 c -t < 1.00 such that each t-bin has approximately the same 

lube= of event=. We use a Uonte-Carlo technique to generate event= in the 

allc&ed $I= =nd t region according to Eq. (31, with the neutron &get 

demibed by the Hulrhen wave function. For each of the six. t-dins M 

generate distribution+ of t?/s for values of aeff in the range -1.0 < aeff c 1.0 

in steps of 0.01. The effect of the invisible =pectator proton events, for 

which the target momentltm is unknown. is reproduced in the generated distributions 

by eomputlng 8. 2, ad t assuming the target to be at rest for those Elonte Carlo 

events vlth = target momentum less than 100 HeV/c. Each of.the 1200 generated 

$1 = distributions is then fit to a polynomial over the region 

0.02 x I?/= < d/s)-, where (d/s) max is determined for each t-bin such 

that d/s,- is vithin the alloved physical region for all values of t in 

that particular t-bin. 'Ihe polynomial is then normalized over the region of 

the fit to obtain a probability density distribution for each trial value of 

cseff in each t-bin. The probability di=tributlon= are then used to obtain the 

values of aeff vhich best fit the data by 8 maximum likelihood technique. 

Vslues oc Ocff resulting from the maximum likelihood fits are displayed 

in Pig. 3, for each of the three dnra =ets used in this study, =s functions 

of the average value of t for each t-bin. Our Monte Carlo studies reveal 

l negligible shift in ( t a due to the uncertainty In the target momentum in 

the iavi=ible rpectator events. which we ignore in this malyols. 
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rtie straight lines in Fig. 3 represent the results of least squares 

fits of the data td’on effective Regge trajectory of the form 

OeffW - a0 + a’ < t . . 

The fitted parameters are tabulated in Table 1. As expected from the observed 

scaling of these three data sets, the effective Regge trajectories derived 

frDpl these data are consistent with one another. The slopes a’ are all 

-2 consistent with 1.0 GeV , whLle the intercepts uu lie mid-way between the 

v sod 01% intercepts of 0.0 and 0.5. respectively. 

An iaproved value of the effective Regge-exchange trajectory for Reaetiun (1) 

is obtained from a simultaneous maxirrmm lilcelihood fit to the combined 100 CeV/c 

sad 400 GeVfc data. The values of aeff thus obtained are shown in Fig. 4. 

together with the trajectory obtained from a least squares fit to Eq. (4). lbe 

fitted tr*jectory ueff (t) - (0.26 f 0.04) + (1.07 t O.ll)t is compared in 

Fig. 4 with the v md of+ trajectories. The intercept is observed to be 

3nconsistent vith both. 

In our previous study1 of Reactions (1) and (2) at 100 CeV/c. we observed 

that the differential cross sections for these reactions wre consistent with 

the predictions of P Reggeized one-pion-exchange model. but that the date did 

mot discriminate against a model incorporating ofA2 exchange in addition to 

v LzChmge. Our present analysis dfffers from~cur previous study in that the 

increased statistics and the energy dependence of the present data allow us 

to perform a quantitative r~lyris of the data. and to extract directly an 

effective Regge exchange trajectory. l’be result is evidence that pion exchange 

alone is insufficient to describe the data. 



-7- 

&r reault for reaction (1) may be compared with an analysis2 of 11.6 

OH/c pn lnterections. where it was found that aeff(t) - (0.11 t 0.06) + 

(1.37 * 0.25)t. me Il.6 &V/c result is consistent with the pion exchange 

trejectory. although it is also compatible with our effective trajectory. 

We note tbt both analyses result in a positive value for the intercept au. 

Our coucluslon Is opposite to that reached In a study4 of Reactions (1) 

aed (2) at 195 GeVfc. where it was concluded that pion exchange yields a 

dominating contribution to these feactioub. vlth little or no contribution 

frop 0 exchange. Our analysis. which is based on five times more ,datr than 

the 195 CeV/c study. clearly indicates that v or p/A2 exchange alone cannot 

describe &actions (1) and (2): at a minimum. l combinatlon~ of v and p/~2 

.achange Is required. 

In conclusion. ve find little incident energy or beam type dependence 

ha the production of slow piotons frorp neutron targets at Fermilab energies, 

when studied 1s P function of 21 8 and t. Ye extract from the data an 

l ffcctlve Regge trajectory vhlch is inconsistent with both the I and o/A2 

tr~jeetories. indicating that neither of these exchanges alone is #ufficlent 

to descrfbe the data. 

We thank the members of the Neutrlno Lboratory at Fermilab. the 

Proportional hybrid System Consortium, end our scanning sod measuring 

staffs for thefr help and cooperation co this experiment. This research 

%a supported in part by the U.S. Department of Energy and the National 

Science Foundation. 
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Figa 1. s daf/d~ as a functibn of M Is for the reactions p + n - P + X and 

v + n -p + X at 100 GeV/c, and for the reaction p + n - p + X at 400 GeV/C. 
for c < 1.0 ciev2. 
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lr+ + n - p + Y at. 100 GeV/c, and for the reaction p + n - p + X at 400 GeV/c. 
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Fig. 4. The effective trajectory (I (t ) as a function of t as determined 
from the combined data from the reaction p + n - p + X at 100 and 
400 GeV/c. The effective trajectory is compared with the n and p/A2 
trajectories. 


